Abstract: A series of bismaleimide monomers with various structures were used to prepare poly(aminobismaleimide)s in an attempt to achieve polymers with improved mechanical and thermal properties. Structurally different bismaleimides with ester units and having chlorine substituent at the aromatic ring or hexafluoroisopropylidene(isoprpylidene) group between benzene rings were synthesized by reaction between 3(4)-maleimidobenzoylchloride with various bisphenols. The monomers and polymers were characterized by infrared (FTIR) and proton nuclear magnetic resonance ( 1 H-NMR) spectrometry. Polymers based on these bismaleimides were prepared by Michael addition of diamines to bismaleimides. These polymers exhibited good solubility in N-methylpirrolidone and formed flexible films with good stress-strain properties. The mechanical behaviour of these polymers was investigated by stress-strain measurements on films at room temperature. The influence of the structure of these polymers on their mechanical properties was comparatively studied.
Introduction
Polyaminobismaleimides are an addition polyimides class obtained from bismaleimide containing unsaturated end groups. It is well known that polyaminobismaleimides (PABMs) are good matrix resins for high-performance composites, multi-layer printed circuit boards for large-scale computers, advanced composites for aerospace and electronic industries, structural adhesives, because of their high heat resistance, outstanding mechanical and electrical properties, thermooxidative stability, low water susceptibility, excellent chemical behaviour. Also these properties include high tensile strength and modulus, excellent radiation and corrosive resistance, good retention of thermomechanical properties even after long ageing times at 250 °C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Due to its high performance-to-cost ratio, excellent processability, balance of thermal, electrical and mechanical properties, bismaleimides have become an important high performance thermosetting engineering plastics for various applications [14] [15] [16] . However, unmodified BMI resins suffer from brittleness and poor processability, due to their high crosslinking density after curing, poor solubility in ordinary solvent, and a high melting and curing temperature [17] [18] [19] [20] [21] . In order to diminish these disadvantages, we performed a structural modification of polymer matrices through Michael addition reactions or using bismaleimide monomers with various structures. To use thermosetting resins as high-performance structural composite materials some properties must be improved without sacrificing other important properties. Further attempts have been made to improve the processability and properties of BMI resins by the introduction of various substituents to the aromatic rings in the main chain. We used the same method in order to obtain BMIs with substituted aromatic rings and bearing various moieties as bridges between benzene nuclei. After curing, the products were analyzed by thermal and mechanical point of view, with respect to the influence of these structural modifications on the mechanical properties of BMI resins.
Results and discussion

Monomer synthesis
The structures of the monomers were confirmed by FTIR and 1 H-NMR spectroscopy. The IR spectra of bismaleimides showed characteristic carbonyl doublet in the range 1790-1780 and 1730-1720 cm -1 . The absorption band centered at 1750 cm -1 is attributed to the stretching vibrations of ester groups. The absorption peaks around 1215-1180 cm -1 of monomer BMI-1 correspond to the hexafluoroisopropylidene groups. Figure 1 presents the FTIR spectrum of monomer BMI-2. The 1 H-NMR spectrum of bismaleimide BMI-1( Figure 2 ) presents two doublets in the range 8.275-8.254 ppm (assigned to aromatic protons ortho to ester group) and in the range 7.656-7.635 ppm (due to aromatic protons ortho to maleimide). The signal at 7.509 ppm (s) corresponds to the aromatic protons adjacent to the hexafluoroisopropylidene group and to aromatic protons ortho to -O-. Additionally, the singlet at 7.254 ppm was attributed to olefinic protons.
The bismaleimide BMI (1-5) were analyzed by differential scanning calorimetry (DSC). DSC curves for all monomers were characterized by a sharp melting endotherm in the temperature range 188-283 °C due to the melting of these compounds ( Table 1 ). The monomers BMI (1) (2) (3) (4) showed an exothermic transition associated to thermal curing at 261-319 °C. The onset temperatures for a curing reaction in the case of monomers BMI-1 and BMI-4 are 245 and 236 °C respectively. It should be noted that for BMI-2 and BMI-3, the onset temperature for curing reaction were overshadowed by melting endotherm.
Fig. 2.
1 H-NMR of monomer BMI-1.
Tab. 1. Some physical and thermal properties of the monomers. 
Polymer Synthesis
The polyaminobismaleimides with ester units were synthesized by Michael addition of diamines, namely; 1,2-bis[(4-aminophenoxy)ethoxy]ethane (APEE) , and 1,4-bis(4-aminophenoxy)diphenyl(APDP) to bismaleimides in NMP or m-cresol. To the resulting reddish-brown solution, glacial acetic acid (3-5 drops) was added and the reaction was heated at 90-95 °C for 5-20 h. The polymer was isolated by pouring the reaction mixture into methanol acidified with hydrochloric acid, washed with methanol and reprecipitated from chloroform. The precipitated polymers were washed only with methanol. The reaction parameters (time, concentration, temperature) were varied in order to achieve polymers with different characteristics. Results are summarized in Table 2 . The structures of the polymers were confirmed by spectroscopy (FTIR) and elemental analysis. The IR spectra showed that polymers are characterized by the same absorption bands as the monomers, but they are wider (Figure 3 a -Polymer P'-2 was obtained using the same monomers and working under the same conditions as for polymer P-2, except for solvent; m-cresol was employed instead NMP.
The thermal behaviour of polymers was evaluated by the means of thermogravimetric analysis (TGA). The thermogravimetric curves of polymer P (1-5) are shown in Figure 4 , and data of the onset of initial decomposition temperature (IDT), maximum decomposition temperature (PDT max ) and percentage char yield at 600 °C (Y c %) are listed in Table 3 . The initial decomposition temperatures of the polymers are in the range 305 -332 °C. It was observed that IDT are higher for polymer P-4 (based on bismaleimides which have no chlorine atoms or hexafluoroisopropylidene groups), while the compound P-2 shows the lowest IDT (being obtained from bismaleimide with chlorine atoms at aromatic ring). The polymer P-4 showed the highest value of Y c compared to polymer P-2 (due to the influence of structure of bismaleimide and diamine components).
The stress-strain curves are shown in Figure 5 and results of measurements in Table  4 . The polymer composition influences the tensile strength values, which are between 40-70 MPa. The elongation at break values all kept at the similar low level, and the maximum value was 2.3% for sample P-2. The high level of rigidity of these polymers is reflected by the resin modulus. We find that all polymers have exceptionally high Young's modulus, in Gigapascal (GPa) range. Both tensile strength and modulus of samples were influenced by structural peculiarities of each polymer and component fraction. The value of the modulus is mainly due to the high crystallinity of the polymers. It is also possible for molecular orientation to contribute to the observed effects.
Conclusions
Polyaminobismaleimides with different structure were synthesized and characterized by FTIR and 1 H-NMR spectra. Thermal and mechanical properties of these polymers were studied. They are influenced by the structure of bismaleimides and diamines involved, and the reaction conditions as well. Maleimidobenzoylchloride (3(4)-MBAC) was synthesized by a known method [22] . Maleic anhydride, p(m)-aminobenzoic acid, 4,4'-(hexafluoroisopropylidene) diphenol (Fluka), 4,4'-isopropylidenediphenol (Fluka), triethylamine(TEA) (Fluka), acetic anhydride (Merck), are commercial products and were used as received. Commercial solvents: acetone, chloroform (Fluka) and N-methylpirrolidone (Riedelde Haen) were dried and purified by standard methods.
Experimental part
Materials
3(4)-
Synthesis of the monomers
Chlorinate bisphenol was prepared as follows [23] . 0.25 mole bisphenol A in 200 mL tetrachloroethylene (C 2 Cl 4 ) containing 2.4 mL water was chlorinated at 55-60 °C with 2 mol chlorine diluted with C 2 H 4 . After the introduction of the chlorine, the mixture was bubbled with N 2 to remove HCl. Then it was cooled to 25 °C and filtered. The final product was washed and dried. M.p=132-135 °C. Bismaleimides having ester units were synthesized following literature directions [24] . The solution of 3(4)-MBAC (0.04 mole) in 100 mL chloroform , was cooled in an ice-bath. Then triethylamine (TEA) (0.04 mole) as proton acceptor, and a solution of bisphenol (0.02 mole) in 60 mL CHCl 3 were added. After stirring for 1.0 h, the mixture was filtered and precipitated in petroleum ether. The final product was filtered and then thoroughly washed with water. Afterwards, it was dried and recrystallized. The synthesis of these bismaleimide monomers is presented in Scheme 1. 
Synthesis of Polymers
The polymers were prepared as described in literature [25] (Scheme 2). Into 100 mL three-necked flask fitted with mechanical stirrer, thermometer and nitrogen inlet, 0.02 mol of bismaleimide, 0.02 mole of diamine, N-methylpirolidine-2-one (NMP) as solvent (10-15 % of monomer concentration) were charged. A small amount of glacial acetic acid was added. The polymers were isolated by pouring the reaction mixture into methanol to give polymers. The product was filtered and washed thoroughly. The final polymer was dried at 80 °C under vacuum. These polymers possess film-forming ability. Their solutions in NMP, having a concentration of about 10%, were cast onto glass substrates and dried to yield thin reddish -brown films. The thermal cure in the form of film was performed by heating successively at 150, 180 and finally 200 o C for one hour.
Measurements
The FT-IR spectra were recorded on a Bruker Vertex 70 spectrophotometer.
1 H-NMR spectra were recorded on a Bruker NMR spectrometer Avance DRX400 MHz, using DMSO-d 6 as solvent and tetramethylsilane as an internal standard. Differential scanning calorimetry (DSC) measurements were done by using a Mettler DSC 12 E with a heating rate of 10 °C/min in air, range 50-350 °C. Melting point were determined with a Gallenkamp hot-block melting point apparatus. TGA was carried out in air with a F. Paulik Derivatograph at a heating rate of 12 °C/min, range 0-600 °C.
The mechanical behaviour of these polymers was investigated by stress-strain measurements of films at room temperature on TIRA TEST2161 apparatus, Maschinenbau GmbH Ravenstein Germany. Measurements were run at an extension rate of 1 mm/min, at room temperature 25 o C. All measurements were performed three times and the averages were considered.
